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1 Introduction 
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Fig. 1 PL spectra under two-photon excitation of the biexcitbn in CuCl QDs at 4 K with the excitation 
intensities of 1.0, 1.2 and 1.3/ 0 , where I 0 was 0.12 mJ/cm 2 . The excitation light was obtained by using an 
optical parametric amplifier (pulse duration of -2 ps, spectral width of ~3 meV and repetition rate of 

1 kHz). The excitation photon energy was tuned to 3 . 195 eV. Denotation of M, BM and I, are explained in 
text. The dashed line shows the absorption spectrum. . 

was confirmed that the laser emission occurs through the biexciton state because it disappeared with 
circularly polarized excitation light. However, the emitted photon energy was different from that of the 
M and BM bands. Consequently, the transition process from the biexciton to the exciton state originating 
theffesmg is still ambiguous/hr addition, this transition process should emerge at the ultgf ast st age_he^ 
-cause the laser emission occurs in spite of&ejoa^efl^^ the optical cavity consisting 

of Jie^deave^^ time-resolved PL measurements are necessary to clarify the 

mechanismjofihelaser emission. 

tohi^paper, we report the ultrafast biexciton dynamics in CuCl QDs by means of time-resolved PL 
spectoscopy with the use of an optical Kerr-gate method. We observed a new PL band, which emerges at 
the ultrafest stage only under two-photon excitation. From this result, the transition process for the new PL 
band will be discussed, where the biexciton states for the M and BM bands should be reconsidered 

2 Experimental 

CuCl QDs embedded in a NaCl matrix were fabricated by a transverse Bridgman method [14]. The 
norriinal dot concentration was -1 mol% and the average dot radius was ~7 nm. The sample was cleaved 
with a thickness of less than 500 (im. The Kerr gate spectroscopy was performed by using the pulse laser 
system based on a regenerative amplifier (pulse width of 220 fs, wavelength of 800 nm, repetition rate of 
1 kHz). The laser light from the regenerative amplifier was separated into two for the Kerr gate light and 
the pump light for an optical parametric amplifier (OPA), respectively. The excitation light was obtained 
from a fourth harmonic generation by using two (i-BBO crystals for a signal beam from the OPA. The 
spectral width of the excitation light was -12 meV. Toluene in a quartz cell was used as the Kerr me- 
dium. The time resolution of the measurement system was - 1 .2 ps. The excitation light was irradiated on 
the sample in a stripe-shape with, a length of 800 pm through a cylindrical lens.. The PL from an edge of 
the sample was collected and detected by using a spectrometer equipped with a charge-coupled device. 
The sample was cooled down to 15 K in. a He-flow cryostat 

3 Results and discussion 

The time-integrated PL spectra and the time-resolved PL images under resonant excitation of the exciton 
(excitation energy of 3.209 eV) and resonant two-photon excitation of the biexciton (3.192 eV) are 
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Fig. 2 Time-integrated PL spectra (upper) and time-resolved PL images (lower) under resonant excita- 
tion of the excitons (a) 5 and under two-photon resonant excitation of the biexcitons (b) 5 respectively. The 
spectral width of the excitation laser was -12 meV. The PL intensities in the time-integrated spectra are 
nomalized. 



shown in Fig. 2(a) and (b), respectively. The excitation intensities were 2.3 ancl 3.5 mJ/cm 2 , respectively. 
In the case of resonant excitation of the excitons, the M band was dominant. The PL of the free or bound 
exciton states was not observed because of the effective reabsorption process. The PL intensity of the M 
band reaches its maximum at a delay time of 20 ps, and decays rapidly with a time constant of 1 1 ps. 
Under two-photon excitation, on the other hand, the M and BM bands were observed separately. The 
delay times of their maxima are 20 and 1 1 ps, respectively, and the decay curves are not exponential. In 
addition, a new PL band at 3. 173 eV emerged before the rise of the BM band. Hereafter, we call this new 
band FM band. The FM band emerges only under two-photon excitation with strong excitation intensity. 
Figure 3 shows the time-resolved PL spectra at the delay times in steps of 3 ps. The FM band was ob- 
served clearly at a delay time of 3 ps. Since the FM band disappeared under circularly polarized excita- 
tion light, it is concluded that it originates from the biexciton state. Therefore, we have to consider a new 
transition process from the biexciton to exciton states, which has not been discussed yet. In the follow- 
ing, we will discuss two points: the delay and decay times of the M and BM bands, and the origin of the 
FM band. 




Fig. 3 Time-resolved PL spectra under the resonant two- 
photon excitation of the biexciton at several delay times 
shown in their right hand side. The arrow indicates the new 
PL band denoted by FM discussed in the text. 
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The decay times of the M and BM bands were reported previously as 125 and 70 ps, . respectively [6] 
It is suggested that the decay times in this measurement are faster due to the stimulated emission which 
can easily becomes dominant towards the longer excitation length. On the other hand, the delay tames of 
the maxima for the M and BM bands are longer than previously reported values which are less man 10 ps 
under hand-to-band excitation [7]. The longer delay time is not caused by the propagation of the emis- 
sion because the excitation length of 800 urn corresponds to the delay time of -4 ps by considering the 
refractive index of the NaCl matrix (n = -1.5). It is thought that the delay time with respect to the maxi- 
mum intensity should not be beyond the 4 ps, although the stimulated emission may change the nmepro- 
file Therefore, it is suggested that the relaxation times to the initial biexcitomc states for the M and BM 
bands depend on the excitation conditions. In the case of resonant excitation of the exciton, the restricted 
interaction with me phonons due to the quantized energy levels of the excitons is considered to make the 
generation time of the biexciton slower compared to toe case of the band-to-band excitation, where the 
biexcitons are generated by two electrons and holes with large wave-vectors. On the other hand, m the 
case of two-photon excitation, it is expected that the delay times are very short because the biexcitons are 
generated directly. The unexpectedly long delay time for the M band indicates that the initial state for the 
M band can not be free biexciton states which are resonantly excited. : 

Next, the origin of the FM band is discussed. We assumed two possibitities for the origin of the FM 
band First the origins of the ordinal M band are reconsidered. Until now, the origin of the M band has 
been suggested to be due to free biexcitons because it becomes dominant with increasing the tempera- 
ture However, there remains the unsolved question that the PL energy of the M band does not agree with 
the induced absorption energy from the exciton to biexciton states [3, 4]. Therefore, assuming that the M 
band is due to the radiative relaxation not from the free biexciton but from a biexciton trapped to a shal- 
low impurity, we can say that, in reality, the FM band originates from the free biexciton state. The long 
delay time of the M band supports this assumption. The next assumption is that the new transition might 
be related to the triplet state. In the QDs, the exciton triplet state {J m = 0) is sometimes mixed with the 
singlet state (/« = 1), so that the optical transition becomes partially allowed. In the case of the biexciton, 
it is reasonable to suggest the transition from the biexciton state with. J = 1, which is partially mixed with 
the lowest state with J - 0, to the triplet exciton state. These assumptions remain to be proved. 

On the other hand, the FM band might be interpreted differently. The ultrashort time profile of toe PL 
strongly suggests the Dicke> superradiance which originates from the coherent coupling of radiatiye 
dipoles_oyer many excited QDs through the electromagnetic interaction [15.]. In. the. initial stage, 
resonant twc^photohexcito^ the completely inverted population betwe^Jhsl^ 

biexcitg|jn|]^ condition of the occurrence of the superradiance. 

WewiUrenortthisphenomenolr^^ * ■ •• . . ' 



We will repoit this phenomenon — .. — . . . . . . ~, 

Finally, we discuss the possibility that the FM band might be the origin of the laser emission The 
photon energy of toe laser emission in Fig. 1 almost coincides with that of the FM band m Fig. 3. There- 
fore it is strongly suggested that the laser emission originates from the FM band under the two-photon 
excitation. In the previous report on the laser emission, where the excitation laser has a narrower spectral 
width (~3 meV), the lasing photon energy changed sensitively to the excitation photon energy. In the 
present measurement, me wide spectral width of the excitation (-12 meV) prevents us to observe the 
variation of the PL photon energy. It is necessary to measure the timeprofiles of the PL spectra by using 
an excitation laser with narrow spectral width in order to clarify the biexciton transition process and their 
nonlinearity in CuCl QDs. 

4 Summary 

We have measured the time-resolved PL spectra of biexciton states in CuCl QDs embedded in NaCl 
matrices by the optical Kerr-gate method, under resonant excitation of the excitons and resonant two- 
photon excitation of the biexcitons. Under resonant two-photon excitation, the new PL band denoted by 
FM was observed before the rise of the BM band The observation of the FM band suggests a new transi- 
tion process from the biexciton to the exciton state. In addition, the rise times of the M and BM bands, 
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which were attributed to the free and bound biexcitons, were unexpectedly slow when the biexcitons are 
generated directly under two-photon excitation, so that we should reconsider the initial biexciton state 
tmgx^tograieM.and BM bands. The FM band shows a high.no'niineariry^ndias .a pulse-shaped time- 
profile. Furthermore, it is suggested that the FM band is the origin of.fc©.W.'eSiq£' . 
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